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Abstract

The three-dimensional structures of cystatins, and other evidence, suggest that the flexible N-terminal region of
these inhibitors may bind to target proteinases independent of the two rigid hairpin loops forming the remainder
of the inhibitory surface. In an attempt to demonstrate such two-step binding, which could not be identified in
previous kinetics studies, we introduced a cysteine residue before the N-terminus of cystatin A and labeled this
residue with fluorescent probes. Binding of AANS- and AEDANS-labeled cystatin A to papain resulted-iald

and 1.2-fold increases of probe fluorescence, respectively, reflecting the interaction of the N-terminal region with
the enzyme. Observed pseudo-first-order rate constants, measured by the loss of papain activity in the presence
of a fluorogenic substrate, for the reaction of the enzyme with excess AANS-cystatin A increased linearly with
the concentration of the latter. In contrast, pseudo-first-order rate constants, obtained from measurements of the
change of probe fluorescence with either excess enzyme or labeled inhibitor, showed an identical hyperbolic de-
pendence on the concentration of the reactant in excess. This dependence demonstrates that the binding occurs in
two steps, and implies that the labeled N-terminal region of cystatin A interacts with the proteinase in the second
step, subsequent to the hairpin loops. The comparable affinities and dissociation rate constants for the binding of
labeled and unlabeled cystatin A to papain indicate that the label did not appreciably perturb the interaction, and
that unlabeled cystatin therefore also binds in a similar two-step manner. Such independent binding of the N-terminal
regions of cystatins to target proteinases after the hairpin loops may be characteristic of most cystatin—proteinase
reactions.
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Cystatin A(also called stefin Ais a 98-amino acid protein be- interactions involving the N-terminal region of the inhibitor in the
longing to family I, or stefin family, of the cystatin superfamily of binding to papain. The results do indeed indicate that the N-terminal
cysteine proteinase inhibitors. Cystatins efficiently inactivate papainregion binds to papain in a second step after the remainder of the
like proteinases from widely different sources, for example, lyso-inhibitory wedge has interacted with the enzyme.

somal enzymes, like cathepsins B, H, K, L, and S, plant enzymes,

like papain and actinidin, and proteinases from pathogens, "k%iesults

cruzipain(for reviews, see Barrett et al., 1986; Turk & Bode, 1991;

Turk et al., 1997. The target proteinases are inhibited as a resultEX ression and labelin

of the cystatins trapping them in tight, although reversible, equi- P 9
molar complexes, in which the active site cleft of the enzyme isThe +Cys-cystatin A variant, having an extra Cys at the N-terminus,
blocked. The X-ray structure of chicken cystatin, the first structurewas expressed with a His-tag, and purified essentially as in pre-
of a cystatin to be solvetBode et al., 1988 showed that evolu-  vious work (Pol et al., 1995; Estrada et al., 1998lthough with
tionarily conserved residues from the N-terminal region and twominor modifications due to the presence of the free cysteine res-
hairpin loops, one central and one C-terminal, are exposed on thielue. As the formation of dimers, like those seen with cystatin B
surface of the protein, forming a wedge-shaped edge. In comput&furk et al., 1992, might have interfered with the cleavage of the
docking experiments, this wedge could fit into the active site cleftHis-tag by enterokinase, the protein was treated with DTT before
of papain without major conformational changes of either of theincubation with the enzyme. About 70% of the His-tagged protein
molecules(Bode et al., 1988 thereby accounting for the forma- was recovered as cleaved inhibitor, giving a yield~d mg/L of

tion of a tight complex. The crystal structure of a complex betweeninduced culture. The purified variant gave only one band in SDS-
papain and cystatin Bstefin B) resolved latefStubbs et al., 1990  PAGE, and N-terminal sequence analysis confirmed the presence
essentially verified this mode of interaction. Further support forof a cysteine preceding Met-1 of wild-type cystatin A. Labeling of
the reactions of cystatins with papain, and other proteinases havinge cysteine residue with the fluorescent reporter groups, AANS or
easily accessible active site clefts, occurring with minimal confor-AEDANS, resulted in incorporation of 1.05 and 1.1 mol of label
mational changes of the two proteins has come from analyses gfer mol of protein, respectively, as determined from the absor-
the kinetics of binding of the inhibitors to such enzymes. Thesebance of the label and the protein concentration, measured by
kinetics, monitored by changes of tryptophan fluorescence, arabsorbance at 280 nm. Because of the large contribution of the
thus consistent with a rapid, almost diffusion-controlled, one-stepAANS group to the latter absorbance, the protein concentration of
binding reaction(Bjork et al., 1989; Bjork & Ylinenjarvi, 1990; AANS-cystatin A was also measured by quantitative amino acid
Lindahl et al., 1992a; Turk et al., 1992, 1995; Pol et al., 1995  analysis, which gave an incorporation of 1.1 mol of label per mole
contrast, cystatin C has been shown to bind to cathepsin B, aof protein. Both the AANS- and AEDANS-labeled cystatin A forms
enzyme in which the active site cleft is partially covered by thebound to papain with stoichiometries of 0.95-1.05, as shown by
“occluding loop” (Musil et al., 199}, by a two-step mechanism, titrations monitored by either the increase of probe fluorescence
presumably because this loop has to be displaced in a second stapcompanying the bindin¢see below or by the loss of enzyme
before a tight complex can be forméNycander et al., 1998 activity.

Studies of the solution structures of cystatifstefin A) (Martin
et al., 1995, chicken cystatin Dieckmann et al., 1993 and cy-
statin C (Ekiel et al., 1997 by NMR have revealed that the
N-terminal portion of the inhibitory wedge is highly flexible, in Fluorescence spectra showed that the binding of AANS—cystatin A
contrast with the more rigid first and second binding loops. Trun-to papain was accompanied by an appreciabde2-fold increase
cation of the N-terminal region substantially increases the rate 0bf probe fluorescence and a shift in the wavelength of the emission
dissociation of complexes of cystatins with proteinases havingnaximum from 462 to 453 nm. The fluorescence change on bind-
accessible active sites, such as papain, consistent with this regiong of AEDANS—cystatin A to papain was much smaller].2-
participating in anchoring the inhibitor to the proteindsendahl fold, with a wavelength shift from 493 to 489 nm.
et al., 1992b; Bjork et al., 1994; Estrada et al., 199%%owever,
such truncqtlon doe_s qot a_lffect the rate of complex f_orm_atlon WlthKinetics of AANS—cystatin A binding to papain
these proteinases, indicating that the N-terminal region is not nec-
essary for the fast association of the two molecqlésdahl et al.,  The observed pseudo-first-order rate conskggifor reactions of
1992b; Bjork et al., 1994; Estrada et al., 199%he N-terminal ~ AANS-cystatin A with papain, measured by monitoring changes
region may thus bind to proteinases with accessible active sitesf probe fluorescence in a stopped-flow instrument, showed a
subsequent to the other binding regions in a reaction that was ndtyperbolic dependence on the concentration of the reactant in ex-
detected by the kinetics studies. However, interaction of thecess(Fig. 1A). This dependence was similar for experiments done
N-terminal region with cathepsin B appears to precede and facilwith either an excess of enzyme or labeled inhibitor. The data were
itate the displacement of the occluding loop in the binding offitted to the hyperbolic functiokyps = kim[Rlo/(Kos + [Rlo), in
cystatins to this enzym@jork et al., 1994, 1995, 1996; Nycander which k;,,, represents the limiting rate constant for the reaction,
et al., 1998. Ko.sis the concentration of the reactant in excess at which half of

In this work, we have used the efficient expression system dethe limiting rate constant in reached, gl is the concentration
veloped for the production of human cystatinfRol et al., 1995; of the reactant in excess. Both sets of data gave good fits to this
Estrada et al., 19980 express a variant of the inhibitor with an equation, with similar values fdg;,, of 230+ 7 s~* and 250+ 50
extra cysteine residue before the N-terminal methionine residue a§ ! and forKq s of (9.8+ 0.6) X 107 ® M and(11+ 3) X 1076 M
the wild-type protein. Fluorescent probes, AANS or AEDANS, for analyses with excess of papain and inhibitor, respectively
were attached to this cysteine as specific reporter groups of theFig. 1A).

Fluorescence changes on binding to papain
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T T T The intercept on the ordinate in the kinetic analysis of enzyme
A inhibition in the presence of substrate, which reflects the overall
150} - rate constant for the dissociation of the AANS—cystatin A—papain
complexkgiss was indistinguishable from zero. This rate constant
was therefore determined in separate experiments by a displace-
ment procedure and was identical, within experimental error, to the
100 1 value for the unlabeled wild-type inhibit¢fTable 1. The overall
dissociation equilibrium constaKt, of the complex was calculated
from kyiss andkass (Table 1), and was eightfold lower than that of
the complex of papain with unlabeled cystatin A, due almost ex-
clusively to the highekass

Kobs (s71)

50} _

Kinetics of AEDANS—cystatin A binding to papain

0 5 1'0 15 kopbs for reactions of AEDANS—cystatin A with papain, measured
by monitoring the change of probe fluorescence with excess en-

[AANS-cystatin A] or [Papain] (uM) zyme, increased linearly with papain concentration up to as high

concentration as could be studi€¢Hig. 1B). Analyses with an

excess of labeled inhibitor were not possible because of the low

fluorescence change. The valuekgisobtained from this plot was

in good agreement with that measured by monitoring enzyme in-

] hibition in the presence of substrate with excess inhibitor in a

lower concentration rangé€Table 1. The two kass values were

] about twofold higher than that for unlabeled wild-type cystatin A

(Table 1. A kyiss about half of that of the unlabeled inhibitor was

. measured by a displacement assay, which together with the higher

kass led to about a fourfold loweKy (Table 1.

Discussion

The fluorescence changes observed on binding to papain of cysta-
tin A with either of the two fluorescent probes, AANS or AEDANS,

0 10 20 30 40 attached to the N-terminus are consistent with transfer of the probes
to a more hydrophobic environment. These changes must reflect
[Papain] (uM) the interaction of the N-terminal region with the proteinase shown

) ] o previously to stabilize cystatin—proteinase compleidsachleidt
Fig. 1. Pseudo-first-order rate constamtss for the binding of AANS- or et al.. 1989° Abrahamson et al.. 1991: Auerswald et al.. 1994

AEDANS-cystatin A to papain as a function of the concentration of the _ ... . )
reactant in exces#: AANS—cystatin A.(l) Dependence Ok, Mmoni- Bjork et al., 1994; Hall et al., 1995; Estrada et al., 1998, 1999

tored by the loss of enzyme activity, on AANS—cystatin A concentration; AANS was found to be an appreciably more sensitive reporter
(®) dependence d,ns, monitored by the increase of AANS fluorescence, group of this interaction than AEDANS.

on AANS—CyStatin A Concentratiomo) dependence d‘obs: monitored by The same hyperbollc concentration dependenck)@ﬁor the

the increase of AANS fluorescence, on papain concentraBnAEDANS— P . . .
cystatin A.(A) dependence dps monitored by the increase of AEDANS binding of AANS—cystatin A to papain, monitored by changes of

fluorescence, on papain concentration. Value,gfmonitored by the loss ~ Probe fluorescence, was seen with excess enzyme or labeled in-
of enzyme activity were corrected for substrate competition. The verticalhibitor. This behavior indicates that the binding occurs in two steps
bars represent the standard errors. Error bars not shown lie within theFersht, 1985

dimensions of the symbols. The solid lines represent linear or nonlinear

regression fits.
Kis K.z
P+l —— Plc—— PI*
~1 -2

In the first step, proteinasé?) and inhibitor (1) form an initial

In contrast to this behaviokgs for the inhibition of papain by  complex(Pl), which is converted in the second step to the final
an excess of AANS—cystatin A, derived from progress curves moneomplex(PI*). The observed hyperbolic dependence requires that
itored by substrate cleavage in the stopped-flow fluorimeter andhe fluorescence change is induced in the second step, which there-
corrected for substrate competition, increased linearly with inhib-fore must involve the interaction of the labeled N-terminal region
itor concentration up to the highest concentration that could bevith the proteinase. Consequently, the first step must reflect an
analyzed Fig. 1A). The second-order association rate constgt  initial binding of the remainder of the binding region, i.e., the two
obtained from the slope of this plot agreed well with ggsvalues  hairpin loops, to the enzyme. The hyperbolic concentration depen-
calculated from the initial slopes of the fits &f,s monitored by  dence also implies that the binding of the AANS-labeled N-terminal
probe fluorescencéTable 1. These values are about sevenfold region is sufficiently slow to be seen as a separate step in the
higher than that for the reaction of the unlabeled wild-type inhib-stopped-flow time frame. As discussed in detail later, the linear
itor with papain(Table 1. dependence seen with AEDANS—cystatin A suggests that the bind-
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Table 1. Association rate constants &), dissociation rate constants {k), and dissociation equilibrium constants
(Kg) for the interactions of wild-type cystatin A, AANS—cystatin A, or AEDANS-cystatin A with Fapain

kass kdiss Kd
Cystatin A form (M~tsh (s (M)
Wild-type 3.1x 10° 55x1077 1.8x 10718
[1] [1] [1]
AANS (2.1+ 0.0 X 107 (5)° (5.3+ 0.8 X 1077 (2) 2.3X 107 14¢
[7] [1] (8]
(2.3+0.07) x 107 (9)9
[7]
(2.3+ 0.2 X 107 (8)¢
[7]
AEDANS (6.1+0.1) X 10° (9)® (2.7+£0.1) X 1077 (2) 4.4x 10714
[2] (2] (4]
(7.5+ 0.2 x 10° (9)¢
[2]

aThe values for wild-type cystatin A are taken from previous w@pbl et al., 1995 and are shown for comparison. Measured
values are given with standard error or rariederived from only two measurementand with the number of measurements in
parentheses. Calculated values and values obtained previously are given without errors. Relative values, defingdas
Kasswild-types Kdiss wild-type/Kdiss labeted @NA Kq, wild-type/Kd labeles @re given within square brackets. Relative valugisthus reflect changes
of kass Kaiss and Ky expected to result in increased binding affinity.

bFrom measurements of papain inhibition by excess labeled cystatin in the presence of substrate.

CCalculated fronmkass and Kgiss.

dFrom measurements of the change of probe fluorescence with excess papain. Calculated from the initiallglpfi€, s) of the
plot in Figure 1A for AANS—cystatin A and from the slope of the plot in Figure 1B for AEDANS-cystatin A.

€From measurements of the change of probe fluorescence with excess labeled cystatin. Calculated from the initial slope of the plot
in Figure 1A.

ing of the N-terminal region labeled with this probe is too rapid to estimated te~1 X 10~* s~* from the overalKq and the values for
be distinguished as a separate step. ki1, k-1, andk, given above. This value fdt_,, although de-
The use of two different reporters of the AANS—cystatin A—papainpendent on the estimated value far,, indicates that the equilib-
reaction, inactivation of the enzyme and binding of the N-terminalrium of the second step is strongly shifted in favor of binding of
end, enables individual rate constants for the two-step reaction tthe labeled N-terminal region. The proposed mechanism and rate
be estimated. The limiting rate constagt, of the hyperbolic  constants are further supported by the valuefgmeasured by a
concentration dependence must represent the forward rate constatisplacement procedure. For the condition < k5, Ko is equal
k., of the second step involving binding of the labeled N-terminalto k_,-k_1/k, and should thus be-5 X 107 s™%, a value that is
region, which is rate-limiting at high reactant concentratidns. identical to that measured. It should be noted that the deduced
should thus be~230 s . Moreover, for the first step, reflecting mechanism predicts that lags should be observed in the fluores-
the binding of the hairpin loopsk_1 must be<k,,, as indicated cence progress curves at high concentrations of the reactant in
by the linear concentration dependencé&gfmonitored by loss of ~ excess, which was not seen experimentally. However, computer
papain activity. Under this steady-state condition, the formation ofsimulations with the DYNAFIT progrartKuzmic, 1996 indicated
the initial complex, in which the enzyme already is inactive, isthat such lags most likely would have been obscured by experi-
essentially irreversible. Measurements of enzyme activity theremental error under the conditions of the analyses, in particular if
fore report only the first step, leading to the observed linear conk_; is higher than the value estimated above.
centration dependence. Thits; must be<230 s . Areasonable Previous rapid-kinetics studies monitored by tryptophan fluo-
estimate is~1 s %, the measured value &f;ss for a complex of  rescence have given no indication of a two-step binding of un-
papain with cystatin A lacking the N-terminal regifBstrada et al., labeled cystatin A, or other cystatins, to papdsjork et al., 1989;
1999. The conditiork_; < k, further means that the first step is Lindahl et al., 1992a; Pol et al., 199F his behavior is in apparent
not in rapid equilibrium, in contrast to the situation in many other contrast with considerable evidence by X-ray crystallography and
two-step binding reactiond-ersht, 1985 Moreover, for this con- NMR that the flexible N-terminal region may bind independent of
dition, the parameteg 5 derived from the hyperbolic fits ik »/ the two hairpin loops(Bode et al., 1988; Stubbs et al., 1990;
ki1, and asksssis the initial slope of these fits, i.ek;>/Kgs, it Dieckmann et al., 1993; Martin et al., 1995; Ekiel et al., 19@ur
follows thatk,; = kass The identical value oksssobtained in the  strategy of labeling the N-terminus with a fluorescent reporter
analyses monitored by loss of papain activity, which reflect onlygroup has allowed us to show that the N-terminal region indeed
the first step, with those obtained by measurements of probe flubinds independently in a second step with AANS, although not
orescence strongly support this conclusion. This internal consiswith AEDANS, as the reporter. That this region of unlabeled and
tency also attests to the validity of the proposed model. ThereforeAEDANS-labeled cystatin A also binds to the proteinase in a sec-
k., should be~2 x 10" M~'s™ 1 Finally, k_,, the reverse rate ond step after the hairpin loops is supported by several lines of
constant of the binding of the labeled N-terminal region, can beevidence. The similar values kfissfor the complexes of unlabeled
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and AANS- or AEDANS-labeled cystatin A with papain thus in- of approach of the labeled inhibitor to the enzyme. Interestingly, as
dicate that the labeling has not affected the interactions of thégss was unaffected or even slightly decreased, the labeling thus
unlabeled inhibitor with the proteinase. The observed change ofransformed cystatin A into a more effective inhibitor of papain.
probe fluorescence therefore presumably does not reflect a direct All mammalian cystatins characterized so far are closely related,
interaction of the fluorescent group with the proteinase, but only aand their N-terminal regions, although of different lengths, there-
transfer of the probe to a less hydrophilic environment at thefore most likely have similar flexibility as has been demonstrated
surface of the enzyme. This conclusion is supported by the findindor cystatin A, cystatin C, and chicken cystatiBode et al., 1988;
that deletion of the N-terminal Met residue does not affect theStubbs et al., 1990; Dieckmann et al., 1993; Martin et al., 1995;
affinity or kinetics of binding of unlabeled cystatin A to papain Ekiel et al., 1997. Moreover, most target proteinases of these
(Estrada et al., 1999 Moreover, the N-terminal Met is not in- cystatins, among others the lysosomal enzymes, cathepsins K, L,
volved in interactions with papain in the structure of the cystatinand S, have structures highly similar to that of papain, with easily
B-papain complexStubbs et al., 1990suggesting that a label at accessible active sited-ujishima et al., 1997; McGrath et al.,
a Cys before this Met also would not be in contact with the en-1997; Zhao et al., 1997; McGrath et al., 1998; Guncar et al., 1999
zyme. Finally, the alternative explanation that the fluorescencéndependent binding of the N-terminal region of cystatins in a
change and two-step reaction seen with AANS—cystatin A reflect asecond step after the two hairpin loops in the manner proposed in
binding or rearrangement of only the probe, after the three bindinghis work therefore presumably is a general feature of cystatin
regions of the inhibitor have interacted with the enzyme in a firstinhibition of such enzymes.
step, is highly improbable. In this case, the valuekgg of ~10 X
10~% M derived from the hyperbolic concentration dependence
would reflect the affinity of this initial interaction, a value much
lower than that of~2 X 107*® M measured for the unlabeled
inhibitor, in which all three regions interact with the enzyme. More-
over, as the overaly for the binding of the labeled inhibitor is ADNA fragment introducing the codon for a Cys residue before that
~2 % 101 M, such a binding or rearrangement would result in for Met-1 in the cDNA of human cystatin A was amplified by PCR.
a tightening of the interaction of about %€bld, an unlikely large  The template was the previously described expression vector for cy-
effect. statin A(Estrada et al., 1998which harbors the cDNA for cystatin

There are two possible reasons that the binding of the N-terminad, a removable His-tag and the signal sequence for outer mem-
region of cystatin A to papain in a second step was not detected fdsrane protein A that targets the expressed protein to the periplasmic
AEDANS-labeled or unlabeled cystatin A in these and previousspace ofEscherichia coli The upstream primer was&CTC
kinetics studies but was seen for the AANS-labeled inhibitor. TheAGGCGACCATGGSCCATCATCATC and included a restriction
most likely reason is that the binding of the AEDANS-labeled or site for Nco | (underlined. The downstream primer was-&CC
unlabeled N-terminal region subsequent to the hairpin loops iICCCGGGATCATACACTTGTCGTCGTCGTCGATATGG, and
sufficiently rapid not to be resolved as a separate step in stoppedircluded anXmal site (underlined as well as the codon for the ad-
flow analyses. However, the AANS-labeled region apparently bindslitional Cys(in italics). The original vector was digested witicol
more slowly, although in the same manner and with the sam&ndXmal, which excised a fragment of 74 bp including the bases
interactions as the unlabeled region, thereby allowing its binding taoding for the His-tag, the enterokinase recognition sequence and
be detected. A higher rate constant for the interaction of thethe first three residues of cystatin A. The remainder of the vector
AEDANS-labeled or unlabeled N-terminal region than that@30  was purified, and the excised fragment was replaced by ligation with
s 1 seen for the AANS-labeled inhibitor, of, for example, 1,500 the PCR produd(77 bp, which had been cleaved with the same re-
s 1, together with the lowek,ssvalues of~6 X 10% or ~3 X 10°  striction enzymes. The resulting plasmid was transformed into the
M~1s™1 (Table J), would give aKgs of ~2.5X 107% or ~5 X E. colistrain MC 1061 and propagated on agar plates supplemented
10~* M. For these higheKy s values, an approximately linear with 100 ug/mL ampicillin. Surviving colonies were picked, and
increase ok,,s, monitored by changes in AEDANS or tryptophan the DNA sequence of the replaced region of the expression vector
fluorescence, with the concentration of AEDANS-labeled or un-was determined.
labeled cystatin would have been observed up to the highest con- The +Cys—cystatin A variant was expressedEncoli and pu-
centrations, 40 or 10Q.M, respectively, that could be studied in rified by Ni** affinity chromatography as described earli&s-
the present and previous studies. It is thus reasonable that theada et al., 1998 except that the washing of the column with
binding of the N-terminal region in a second step would have75 mM imidazole was omitted. After addition of DTT to 5 mM,
escaped detection in these studies. Another possible reason that tine sample was dialysed against 70 mM Tris-HCI, pH 7.4, con-
independent binding of the unlabeled N-terminal region was notaining 2 mM CaCj and 0.5 mM DTT, and was then digested with
seen in past studies is that the tryptophan fluorescence change usedterokinaséBiozyme, Blaenavon, UKat an enzyme to fusion
to monitor the reaction of unlabeled cystatins with papain mayprotein weight ratio of 1 to 500 for 18 h at 3C. The enterokinase
have only reported the binding of the two hairpin loops in the firstwas inactivated by addition of N-tosyHpohenylalanine chloro-
step. In such a case, the subsequent interaction involving theethyl ketone to 1QuM, and the cleaved cystatin A variant was
N-terminal region would not be detected, and simple second-ordetecovered by reapplying the sample to the" Nicolumn and col-
kinetics would be observed. lecting the unbound fraction.

The labeling of the N-terminus of cystatin A with the AANS or
AEDANS groups was found appreciably to incredgg, for the . .
binding of the inhibitor to papain. The increased rate constant ma}l/_abellng of the N-terminus
be caused by an electrostatic steering eff€dhreiber & Fersht, +Cys—cystatin A2—7 mg was incubated for 5 min in 50 mM Tris-
1996, due to the negative charge of the probe increasing the ratelCl, 100 mM NaCl, 0.1 mM EDTA, and 5 mM DTT, pH 7.4. The

Materials and methods

Construction of the+Cys—cystatin A vector
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sample was then applied to a PD-10 colugAmersham Pharmacia stopped-flow measurements in an SX-17MV instrum@mplied
Biotech, Uppsala, Swedgrequilibrated with the same Tris buffer, Biophysics, Leatherhead, UKessentially as in earlier wo(Bjork
although at pH 8.2 and containing only 0.5 mM DTT. The effluent et al., 1994, 1995; Turk et al., 1995; Estrada et al., 199Be re-
protein was collected in a tube containing IAANS or IAEDANS actions were monitored either by product formation resulting from
(Molecular Probes, Inc., Eugene, Oregama 10-fold or fourfold ~ papain cleavage of a fluorogenic substrate present in the reaction
molar ratio to the protein, respectiveiy excess of the amount ex- mixture, or by the increase of probe fluorescence accompanying the
pected to react with the DTT in the buffet.abeling was done at binding. In the experiments monitored by substrate cleavage, the con-
room temperature for 30 mirr & h with IAANS or IAEDANS, re-  centration of AANS— or AEDANS—cystatin Awas 10-fold over that
spectively. Unreacted labeling reagent and its reaction product witlef the enzyme and varied from 1 to8M. The concentration of
DTT were then removed on a PD-10 column equilibrated withthe substrate, carbobenzoxyphenylalanyle-arginine 4-methyl-

50 mM Tris-HCI, 100 mM NacCl, and 0.1 mM EDTA, pH 7.4, fol- coumaryl-7-amidéPeptide Institute, Osaka, Japamas 10uM, and
lowed by dialysis of the sample against the same buffer. substrate consumption was5%. Product formation was moni-
tored with an excitation wavelength of 370 nm and with an emis-
sion filter with 50% transmission at 400 nm. In the analyses
monitored by the increase of probe fluorescence, two sets of ex-
The purification and activation of papaiiEC 3.4.22.2 have been  periments were performed with AANS—cystatin A. In the first of
reported elsewherg@ indahl et al., 1988; Bjork et al., 1994Con- these, the concentration of papain was 10-fold higher than that of
centrations of the enzyme were determined by absorption medhe labeled inhibitor and was varied from 1 toABl. In the second
surements at 280 nm from a molar absorption coefficient of 55,90Get, the molar ratio was reversed, and the concentration of the la-
M~tcm™! (Lindahl et al., 1988 The molar absorption coefficient beled inhibitor was varied from 1 toi@M. In the corresponding analy-

at 280 nm for cystatin A, 8,800 M-cm™?! (Pol et al., 1995 was ses with AEDANS-cystatin A, only one set of experiments were
used also for the-Cys—cystatin A variant and the labeled cystatin done, in which the molar ratio of papain to labeled inhibitor was 10-
A forms. In calculations of concentrations of the latter, the contri-fold, and the enzyme concentration was varied from 5 tqu#0
bution of the labeling group to the observed absorbance at 280 nfhe excitation wavelengths were 327 and 335 nm for AANS- and
was first subtracted. This contribution was obtained from absorpAEDANS—cystatin A, respectively, and the emission was recorded
tion spectra of the reaction products between the labeling reagentirough the filter with~50% transmission at 400 nm. Observed
and an excess of 2-mercaptoethanol. The concentration of AANSsseudo-first-order rate constartls,s) were calculated by nonlin-
cystatin A was also measured by quantitative amino acid analysisar least-squares regression analyses of the progress ¢Bjods

(Pol et al., 1995 Concentrations of the AANS and AEDANS et al., 1994, 1995 ks values determined in the presence of sub-
groups were determined from the absorbances at 327 and 336 nistrate were corrected for substrate competitBjork et al., 1994,
respectively, with the use of molar absorption coefficients of 26,0000995 with a K., value of 60uM (Hall et al., 1992.

and 5,700 Mtcm™?, respectively(Haugland, 1996

Protein concentrations

Dissociation kinetics

Fluorescence The kinetics of dissociation of the complexes between AANS- or

Fluorescence emission spectra were measured in an F-4000 sp&d=DANS-cystatin A and papain were analyzed by essentially ir-
trofluorimeter (Hitachi, Tokyo, Japan essentially as described reversibly trapping the enzyme dissociated from the complex with
earlier (Lindahl et al., 1988 Excitation was at 327 nm with ex- alarge excess of chicken cystatBjork et al., 1989; Lindahl et al.,
citation and emission bandwidths of 10 nm for AANS—cystatin A 1992a; Pol et al., 1995Chicken cystatin binds much tighter to pa-
and at 335 nm with bandwidths of 5 nm for AEDANS—cystatin A. pain than cystatin APol et al., 1995 thereby preventing reasso-
ciation of the liberated enzyme with cystatin A. In the experiments
with AANS—cystatin A, the concentrations of the complex with pa-
pain were 0.7-JuM, and those of the displacing chicken cystatin
The stoichiometries of binding of the labeled cystatin A forms to (form 1) were 20-5QuM. The reactions were monitored by the de-
papain were measured by titrations, monitored by increase of therease of AANS fluorescence accompanying the dissociation, mea-
fluorescence of the N-terminal probe accompanying the bindingsured with excitation and emission wavelengths of 327 and 450 nm,
of 1 uM labeled inhibitor with the enzyme. The excitation wave- respectively. In the analyses with AEDANS—cystatin A, the com-
lengths were 327 and 335 nm, and the emission wavelengths 45flex concentration was 1@M, and that of chicken cystatifform

and 490 nm for AANS and AEDANS—cystatin A, respectively. The 2) was 100uM. Because of the low fluorescence decrease resulting
binding stoichiometries were evaluated by nonlinear least-squaresom the dissociation, the rate was instead monitored by the ap-
regression(Lindahl et al., 1988, 1992aThe stoichiometry of pearance of the tight complex between the displacing chicken cy-
binding of AANS—cystatin A to papain was also obtained by titra- statin and the liberated papain by chromatography on a Mono-Q
tions in which the residual activities of a series of enzyme sample$Amersham Pharmacia Biotedbn exchange columfLindahl et al.,

at a constant concentratid®0 nM) were measured with a fluor- 1992a. The dissociation rate constants were obtained by nonlinear
ogenic substrate after addition of increasing concentrations of thieast-squares regression analysis of the data to the equation for a sin-
inhibitor (Estrada et al., 1998 gle exponential reactio(Bjork et al., 1989.

Stoichiometry of papain binding

Association kinetics Experimental conditions

The kinetics of association of AANS— or AEDANS—cystatin Awith All analyses of the interactions between the labeled inhibitors and
papain were analyzed under pseudo-first-order conditions byapain were carried out at 258 0.2°C in 50 mM Tris-HCI,
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100 mM NaCl, 0.1 mM EDTA, pH 7.4. The buffer contained 1 mM Fujishima A, Imai Y, Nomura T, Fujisawa Y, Yamamoto Y, Sugawara T. 1997.

DTT in the stopped-flow measurements and also 0.04%) Brij Zggz;ysggl structure of human cathepsin L complexed with BFE&S Lett
35 in the experiments in the presence of substrate. Guncar G, Pungercic G, Klemencic I, Turk V, Turk D. 1999. Crystal structure

of MHC class ll-associated p41 li fragment bound to cathepsin L reveals the
structural basis for differentiation between cathepsins L an&NBO J

Miscellaneous procedures 18:793-803.
. . Hall A, Abrahamson M, Grubb A, Trojnar J, Kania P, Kasprzykowska R,
SDS-PAGE under reducing conditions was run on 15% @delem- Kasprzykowski F. 1992. Cystatin C based peptidyl diazomethanes as cys-

mli, 197@ N-terminal sequence ana|ysis and quantitative amino teine proteinase inhibitors: Influence of the peptidyl chain lengjanzyme

. . . Inhibit 6:113-123.
acid analySIS were done as in Pol et (31995' Hall A, Hakansson K, Mason RW, Grubb A, Abrahamson M. 1995. Structural

basis for the biological specificity of cystatin C. Identification of leucine 9
Acknowledgments in the N-terminal binding region as a selectivity-conferring residue in the
inhibition of mammalian cysteine peptidasdsBiol Chem 276115-5121.
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